Various iron group alloys have been electrodeposited and evaluated for properties including corrosion resistance, microstructure, electrical resistivity, magnetoresistance and other magnetic properties. Corrosion resistance depends on deposit composition and microstructure, which are controlled by solution composition and deposition variables. Maximum corrosion resistance was observed for 50Ni50Fe and 70Co30Ni binary alloys. The corrosion resistance of electrodeposited CoFe films was an order of magnitude lower than CoNi and NiFe films. Substantially increased corrosion resistance was obtained by adding Ni to CoFe alloys. However, addition of B only slightly increased corrosion resistance. For electrodeposited NiFe and CoNi thin film alloys, three distinct structural regions were observed: for NiFe alloys, fcc, mixed fcc and bcc, and bcc phases as deposit Fe content increased; for CoNi alloys, fcc, mixed fcc and hcp, and hcp as deposit Co content increased. The smallest grain size was obtained in the mixed phase region of both NiFe and CoNi alloys. For CoFe alloys, a mixed phase region was not observed; only fcc and bcc phases were obtained. Electrodeposited NiFe films from sulfate baths show superior soft magnetic properties including both lower coercivity and higher squareness than from chloride baths. Electrodeposited magnetic thin films are important in computer read/write heads and microelectromechanical systems ͑MEMS͒ due to their flexibility, capability, quality, and low cost. Electrodeposited permalloy ͑80Ni20Fe͒ has been the alloy of choice in thin-film recording heads. However, as the areal density of computer drives has increased dramatically ͑60% per year͒, new higher performance soft magnetic materials are needed. Andricacos and Robertson reviewed requirements for improved thin-film recording heads.
Electrodeposited magnetic thin films are important in computer read/write heads and microelectromechanical systems ͑MEMS͒ due to their flexibility, capability, quality, and low cost. Electrodeposited permalloy ͑80Ni20Fe͒ has been the alloy of choice in thin-film recording heads. However, as the areal density of computer drives has increased dramatically ͑60% per year͒, new higher performance soft magnetic materials are needed. Andricacos and Robertson reviewed requirements for improved thin-film recording heads. 1 These include: ͑i͒ high magnetic saturation (B s ӷ 1 T), ͑ii͒ low coercivity (H c Ͻ 1 Oe), ͑iii͒ optimal anisotropy field (H k ) for high permeability ͑͒, ͑iv͒ close to zero magnetostriction ͑͒, ͑v͒ high electrical resistivity ͑͒, and ͑vi͒ good corrosion resistance. Various CoFe and CoNi ternary and quaternary alloys have been considered to meet the challenges of improved corrosion resistances with superior soft magnetic properties; these included CoFeB, CoFeCr, CoFeP, CoFeCu, CoNiFe and CoNiFeS, CoFeNiCr, CoFeSnP, and Co NiFeB alloys. For example, ternary 80Co10Ni10Fe electrodeposits provided zero magnetostriction with M S of 1.6 T. Magnetic saturation decreased with increasing in Ni content, while corrosion resistance increased. 1 Liao and Tolman reported that electrodeposited CoFe alloys, especially 90Co10Fe, have promising magnetic properties including high magnetic saturation ͑1.9 T͒, low coercivity ͑1 Oe͒, and near-zero magnetostriction. 2 However, binary CoFe alloys exhibited poor corrosion resistances.
Considerable improvement in the corrosion resistance of bulk NiFe alloys with increased Ni content has been observed. Uhlig explained this behavior by his electron configuration theory of passivity. 3 Based on this theory, the corrosion rate should decrease substantially with increased Ni content up to a critical composition of 34% Ni. For greater than 34% Ni content, the corrosion behavior should approximate that of pure bulk nickel.
Corrosion studies of bulk NiFe alloys in various electrolytes indicated that corrosion rate is not only dependent on the film composition but also on the electrolyte. March 4 and Landau and Oldach reported that the corrosion rate of bulk NiFe alloys in sulfuric acid decreased substantially as the nickel content increased from 0 to 40% and was relatively constant at higher nickel content. Sayano and Nobe measured the dependence of corrosion rate of NiFe alloys on Ni content in 0.5 M H 2 SO 4 and obtained minimum corrosion rates between 60 and 80% Ni. 6 Marcus et al. showed that the anodic dissolution rate is affected by the presence of sulfur and depended on the crystal orientation. 7 There have been several corrosion studies of electrodeposited nickel and nickel-based alloys such as Permalloy and CoNiFe. Frankel et al. compared the corrosion behavior of electrodeposited and sputter-deposited Permalloy ͑80Ni20Fe͒ and found that electrodeposited Permalloy was more susceptible to corrosion than bulk alloys and sputter-deposited film due to inclusion of sulfur from organic additives ͑saccharin or thiourea͒, which promoted anodic dissolution and prevented passive film formation. 8 Similar results have been reported for pure nickel electrodeposits. 9, 10 Saito et al. investigated electrodeposited CoNiFe and found that pitting potentials shifted to more negative potentials with increasing saccharin concentration. 11 The corrosion behavior was also affected by deposition parameters and can be improved by reducing grain size.
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Even though there are many studies on electrodeposited irongroup alloys, there is a lack of systematic studies relating properties of electrodeposited iron group thin films including NiFe, CoNi, CoFe, and their ternary alloys with deposit composition, grain size, and crystal structure. In this paper, we investigated and compared the effects of solution compositions and electrodeposition parameters on the film compositions and resulting structures and properties of iron group alloys such as microstructure, electrical properties, magnetoresistance and other magnetic properties, as well as corrosion resistance. Particular emphasis was placed on corrosion resistance, in light of the diminishing length scale of next-generation recording materials.
Experimental
Nickel, iron, cobalt, NiFe, CoFe, CoNi, CoFeNi, and CoFeB alloys were electrodeposited from various plating solutions. Brass or stainless steel were used as substrates; Fe, Co, or Ni were used as soluble anodes. Current density and total charge were set at 10 mA cm Ϫ2 and 10 C cm
Ϫ2
, respectively, except for NiFe deposition where the current density was reduced to 5 mA cm
. Boron content in CoFeB electrodeposits was determined colorimetrically at ϭ 575 nm using 1% Alizarin Red S in concentrated sulfuric acid, based on the procedure described in Ref. 12 .
Corrosion resistances of the electrodeposited thin-film alloys in 0.5 M NaCl solutions were determined by impedance spectroscopy after immersion for 1 h. An EG&G PAR potentiostat/galvanostat and a Solartron impedance/gain-phase analyzer were used. Impedance spectra were collected from 100 kHz to 0.05 Hz at rest potentials. Prior to corrosion testing, the crystal structure and grain size of the films were determined by X-ray diffraction ͑XRD͒.
The electrical resistivity and magnetoresistance of the electrodeposited films were determined by the standard four-point probe dc current technique in the presence and absence of an external magnetic field of 1500 Oe. Magnetic properties of electrodeposited films were measured with a vibrating sample magnetometer ͑model 1660 ADE Technologies͒.
Results and Discussion
Electrodeposition characteristics, electrical properties, and anisotropic magnetoresistances.-Electrodeposition of NiFe, CoNi, and CoFe alloys has been characterized as ''anomalous codeposition.'' That is, electrodeposition of pure Ni ϩ2 is faster than pure Fe ϩ2 , yet during codeposition the rates are reversed. 13 The degree of ''anomalous codeposition'' decreased in the order CoNiϾNiFeϾCoFe. 14, 15 NiFe alloys.-NiFe alloys have important magnetic properties. Permalloy ͑80Ni20Fe͒ is the most common soft magnetic film, which has zero magnetostriction ( ϭ 0), a large magnetoresistive effect (⌬/ AMR ϭ 5%), relative high magnetic saturation (M S ϭ 1.0 T) with low coercivity, high magnetic permeability, and low hysteresis loss. Bulk 50Ni50Fe has a higher magnetic saturation (M S ϭ 1.6 T) and electrical resistivity ( ϭ 32 ⍀ cm) than Permalloy. However, Ni 50 Fe 50 possesses a positive magnetostriction.
NiFe thin films have been electrodeposited from different plating solutions. The most commonly used electrolytes are chloride, sulfate, mixed sulfate and chloride ͑Watts type͒, and sulfamate.
In chloride-containing baths, the anode is active, but electrodeposits have higher internal stress than sulfate or sulfamate bath. In sulfate baths, electrodeposits have larger grains and less internal stress than chloride bath; however, the anode passivates and causes the metal ion concentration and solution pH to change.
To investigate anion effects on the resulting electrodeposits, separate chloride and sulfate baths were studied. Figure 1 shows the dependence of deposit Fe content and current efficiency on Fe ϩ2 ion concentrations. In chloride baths, the deposit Fe content increased linearly with increased Fe ϩ2 ion concentration, whereas deposit Fe content increased nonlinearly with Fe ϩ2 ion concentration in sulfate baths. In both chloride and sulfate baths, current efficiencies were independent of Fe ϩ2 concentrations, although current efficiencies in chloride baths were higher by about 20%. Horkans studied hydrogen gas evolution in Na 2 SO 4 , NaCl, and NaClO 4 and observed higher limiting currents of H ϩ reduction in Na 2 SO 4 than in either NaCl or NaClO 4 . The difference in limiting currents was attributed to different diffusion coefficients. 16, 17 She observed a significant decrease in the overpotential of Ni, Fe, and NiFe in chloride baths and suggested that chloride catalyzes deposition of Ni, Fe, and NiFe through the formation of an ion bridge between the electrode and the metal Table I ion being discharged. 16, 17 Higher current efficiency in chloride baths compared to sulfate baths in our experiments may be due to a lower H 2 limiting current in chloride baths.
The crystal structure and grain size of electrodeposited NiFe alloys were determined by XRD. As the Fe content increased, the intensity of ͑111͒ diffraction peaks ͑44.46°͒ decreased while the peak angle shifted to lower values with peak broadening. When the deposit Fe content exceeded 50%, a second peak appeared around 44.67°while the intensity of the first peak decreased. When the deposit Fe content reached 68%, the first peak essentially disappeared, while the intensity of the second peak increased. Based on these observations, electrodeposited NiFe thin-film alloys have three distinct crystalline regions: fcc, mixed fcc and bcc, and bcc at Ͻ50, 60-68, Ͼ68% deposit Fe content, respectively, independent of the type of anions present in solution.
The grain size was calculated from the peak broadening for the ͑111͒ plane of fcc and the ͑200͒ plane of bcc orientation using the Scherrer formula.
18 Figure 2 shows the dependence of grain size on deposit composition. In the Ni-rich fcc phase, the grain size decreased from 210 to 70 nm as the Fe content increased from 0 to 50%. In the mixed phase region, the grain size was around 70 nm. In the Fe-rich bcc alloys, the grain size increased from 70 to 150 nm as the Fe content increased from 74 to 100%. Mixed phase alloy deposits from both chloride and sulfate baths had the smallest grain size. Grimmett et al. also observed the smallest grain size ͑ϳ20 nm͒ in the mixed phase region ͑62-68% Fe͒ of NiFe deposits from sulfamate-chloride baths. 19 Iwase and Nasu 20 and Aotani 21 observed mixed phase regions at 46-86% and 38-92% Fe, respectively, from sulfate baths. Ueda and Takahashi deposited NiFe from sulfate baths containing 3 g/L NaCl at pH 3.4 and found that the mixed phase region occurred between 51 and 53% Fe and was dependent on thickness, shifting to higher iron content with increasing thickness. 22 The electrical resistivity and magnetoresistance of electrodeposited NiFe alloys were measured in an external magnetic field of 1500 Oe. Figure 3a ͑top͒ shows that the electrical resistivity increased monotonically from 5.5 to 32 ⍀ cm as Fe content increased from 0 to 40%. The electrical resistivity of NiFe films with high Fe content ͑Ͼ40%͒ could not be measured due to the stressed, cracked deposits. Deposit stress increased with increasing Fe content. Figure 3b ͑bottom͒ compares the anisotropic magnetoresistivity ͑AMR͒ ratio ( Ќ Ϫ ʈ / AV ) at various film compositions with bulk alloys. Electrical resistivities are indicated as Ќ and ʈ when current and magnetic field are perpendicular and parallel to each other, respectively, and AV ϵ 1/3 ʈ ϩ 2/3 Ќ . In AMR materials including Ni, Co, Fe, and their alloys, parallel resistivity ( ʈ ) and transverse resistivity ( Ќ ) increase and decrease with increase in magnetic field, respectively. AMR was strongly dependent on the film composition but not affected by the anions in the bath. A maximum AMR of 9.8% was observed for electrodeposited 85Ni15Fe, whereas the bulk alloy exhibits a low AMR magnitude of 5%. McGuire and Potter observed that AMR changed significantly depending on thickness, grain size, and sputtering deposition parameters. Figure 4a ͑top͒ compares the magnetic saturation (M S ) of electrodeposited films and bulk alloys. Magnetic saturation of electrodeposits was independent of anions and follows bulk data as expected, because M S is an intrinsic magnetic property which is only dependent on the film composition. Coercivity (H C ) and squareness (S ϭ M R /M S ) are extrinsic magnetic properties which are dependent on the film microstructure including grain size, preferred orientation, and stress. Figure 4b and c ͑top and bottom, respectively͒ shows the coercivity and squareness of electrodeposited NiFe from chloride and sulfate baths, respectively.
Coercivity and squareness of electrodeposited NiFe from chloride baths decreased from 56 to 8 Oe and 0.3 to 0.05 as deposit Fe content increased to 60 wt %, respectively. Electrodeposited NiFe from sulfate baths exhibited softer magnetic properties. Coercivity was substantially lower (H C ϭ 1-10 Oe) with much higher squareness (0.1 Ͻ S Ͻ 0.65). Superior soft magnetic films from sulfate baths may be attributed to lower stress in the deposits.
CoNi alloys.- Figure 5 shows the dependence of deposit Co content and current efficiency on Co ϩ2 concentration. Deposit Co content increased with increased Co ϩ2 concentration. Current efficiency ͑ap-proximately 75%͒ was independent of Co ϩ2 concentration. For bath C ͑Table I͒, three different crystal regions, fcc, mixed fcc and hcp, and hcp were observed at Ͻ72, 72-78, and Ͼ78% Co, respectively. Aotani found that the mixed phase region is dependent on the solution pH; for pH 6.4, the mixed fcc and hcp region was between 70 and 100% Co. 21 However, at pH 1.2, deposits were fcc throughout the entire composition range. Figure 6 shows the dependence of grain size on deposit composition. In the nickel-rich fcc phase, the grain size of about 140 nm was fairly constant as the Co content increased from 0 to 50% Co. However, the grain size dramatically decreased to 50 nm in the mixed phase region ͑72-78% Co͒. Pure cobalt deposits ͑hcp͒ had a grain size of 120 nm.
The electrical resistivity and AMR of electrodeposited CoNi alloys are shown in Fig. 7 . The electrical resistivity of electrodeposited CoNi exhibited an apparent maximum at around 20 wt % deposit Co content. At у50 wt %, Co content the resistivity was equivalent to bulk alloys. A maximum AMR of 8% was observed for electrodeposited CoNi of 25% Co, whereas a maximum AMR of 6% had been reported for the bulk CoNi alloy of 22% Co. 24 CoFe alloys.-The CoFe films were deposited from mixed sulfatechloride solutions ͑solution D, Table I͒. Figure 8 shows the deposit Fe content and current efficiency as a function of Fe ϩ2 concentration. Deposit Fe content increased with increasing Fe ϩ2 concentration. Current efficiency ͑ϳ82%͒ was independent of Fe ϩ2 concentration. A mixed phase region was not obtained as with NiFe and CoNi deposits. Figure 9 shows distinct fcc and bcc phases at Ͻ16 and Ͼ16% Fe, respectively. The presence of Fe promoted the fcc structure, whereas the presence of Ni promoted hcp structures for Co-rich alloys at the same pH. Figure 9 shows the dependence of grain size on deposit Fe content. For Co-rich fcc deposits, the grain size was around 250 nm. For the bcc phase, grain size gradually increased from 50 to 120 nm as deposit Fe content increased from 10 to 40% Fe. Minimum deposit grain size of ϳ50 nm was obtained at 16-23% Fe. The electrical resistivity and magnetoresistance of CoFe could not be measured due to the highly stressed and cracked deposits.
Corrosion resistance.-The corrosion resistances of electrodeposited iron group alloys in 0.5 M NaCl were measured by impedance spectroscopy. The topography of electrodeposited NiFe after testing in the corrosive environment was also examined by SEM.
NiFe alloys.-The corrosion resistance increased as the deposit Fe content increased slightly in the Ni-rich fcc phase, reaching a maximum at 50% Fe, and then sharply decreased in the Fe-rich bcc phase ͑Fig. 10a top͒. In Fig. 11 , impedance plots indicate that only one time constant can be observed for pure Ni ͑100 Hz͒ and Fe ͑0.1 Hz͒ deposits; however, relaxation processes are apparent at ca. 100 and 0.1 Hz for the alloys. For the Ni-rich fcc phase, the high-frequency time constant ͑100 Hz͒ is relatively well-defined while the second time constant becomes more distinct as the Fe content increased. For the 50Ni50Fe alloys, the distinct relaxation processes were clearly evident. For the Fe-rich bcc phase, the high-frequency process become less apparent as the Fe content approached 100%.
The corrosion resistance of the Ni-rich fcc phase is an order of magnitude higher than the Fe-rich bcc phase. The corrosion resistance of electrodeposited alloys were comparable to bulk alloys prepared by solidification; the latter also have the highest corrosion resistance at 50% Fe. Corrosion potentials of electrodeposited NiFe decreased monotonically from Ϫ180 to Ϫ800 mV vs. SCE with increasing Fe content. Similar results have been reported by others for NiFe alloys in sulfuric acid. 22, 25, 26 Pits were observed on nickel with an average size of about 1 m. SEM micrographs show that pit density decreased and pit size increased with increasing Fe content in the Ni-rich phase ͑Fig. 12͒. For 50Ni50Fe, pits and corrosion products were not observed. In electrodeposited Fe thin films, a few pits containing corrosion products were observed; pit size was greater, but pit density was much smaller than electrodeposited nickel.
CoNi.-As shown in Fig. 10b ͑middle͒, the corrosion resistance increased as the deposit Co content increased, reaching a maximum at 70% Co and then sharply decreasing in the Co-rich hcp phase. The Ni-rich fcc phase had an order of magnitude higher corrosion resistance than Co-rich hcp alloys. The corrosion potentials decreased monotonically from Ϫ180 to Ϫ400 mV with increasing Co content.
CoFe, CoFeB, and CoNiFe.-As shown in Fig. 10c ͑bottom͒, the corrosion resistance reached a minimum at 16-23% Fe content and increased as the Fe content increased to 40%. CoFe fcc structures were more susceptible to corrosion than NiFe fcc structures. The corrosion potentials of electrodeposited CoFe decreased monotonically from Ϫ405 to Ϫ800 mV with increasing Fe content.
Based on the CoFe and CoNi studies, the solution compositions and deposition conditions for the electrodeposition of ternary 80Co10Ni10Fe and 45Fe20Co35Ni were determined. The addition of Ni to 90Co10Fe ͑80Co10Ni10Fe͒ substantially increased the corrosion resistance; there was only a small reduction in magnetic saturation. Magnetic saturation increased 55Fe45Ni ͑45Fe20Co35Ni͒ when Co was added. Liao and Tolman incorporated B into binary CoFe alloys and obtained either nanocrystalline or amorphous deposits depending on the B content, 2 possibly increasing the corrosion resistance without decreasing magnetic saturation. DMAB ͑0.1-0.4 M͒ was added to our CoFe solutions to electrodeposit CoFeB ternary alloys. In order to deposit significant amounts of B into CoFe, the solution pH was increased from 3 to 6. Figure 13 shows the dependence of deposit B content and corrosion resistance of electrodeposited CoFeB on DMAB concentration. Both the deposit boron content and the corrosion resistance increased with increased DMAB concentration. Figure 14 compares corrosion resistances of various iron group alloys.
Conclusion
NiFe alloys.-Current efficiencies from chloride baths were higher than sulfate baths.
Three different regions, fcc, mixed fcc and bcc, and bcc, were obtained for NiFe alloys as the deposit Fe content was increased. The mixed phase region was around 60-68% Fe independent of the type of anions present in solution.
The 50Ni50Fe deposits exhibited the greatest corrosion resistance. The Ni-rich fcc phase had an order of magnitude greater corrosion resistance than the Fe-rich bcc phase.
The grain size was smallest for the mixed phase region ͑70 nm͒. The electrical resistivity monotonically increased from 5.5 to 32 ⍀ cm when deposit Fe content increased from 0 to 40%. AMR was largest for electrodeposited 85Ni15Fe film ͑9.8%͒. Soft magnetic properties of NiFe electrodeposited thin films from sulfate baths were superior to those from chloride baths.
CoNi alloys.-Current efficiency ͑72%͒ was independent of Co ϩ2 concentration. Three different phase regions, fcc, mixed fcc and hcp, and hcp, were obtained as the deposit Co content was increased. The transition from fcc to mixed fcc-hcp occurred with deposit Ni content between 22 and 28% Ni.
The 70Co30Ni deposit exhibited the greatest corrosion resistance. The Co-rich hcp phase had an order of magnitude lower corrosion resistance than the fcc phase.
The smallest grain size was in the mixed phase region ͑50 nm͒. AMR was largest for 75Ni25Co deposits ͑8%͒.
CoFe, CoFeNi, CoFeB alloys.-Current efficiency of about 82% was independent of Fe ϩ2 concentration. Corrosion resistance of CoFe alloys were an order of magnitude lower than NiFe and CoNi alloys. Dependence of impedance spectroscopy of NiFe deposits on Fe content: complex plane and Bode plots ͑immersion time 5 h, electrolyte 0.5 M NaCl͒: ͑a͒ complex plane plots, ͑b͒ phase angle Bode plots, and ͑c͒ impedance plots. ͑᭹͒ 100 Ni, ͑᭺͒ 85Ni15Fe, ͑᭡͒ 70Ni30Fe, ͑᭝͒ 58Ni42Fe, ͑ࡗ͒ 50Ni50 Fe, ͑छ͒ 32Ni68Fe, ͑ᮀ͒ 28Ni74Fe, and ͑͒ 100 Fe. Substantial increase in corrosion resistance was obtained by addition of Ni to CoFe deposits. However, the addition of B had only a slight effect on the corrosion resistance.
